Hypersensitive-induced reaction (HIR) proteins, which are members of the proliferation, ion and death (PID) superfamily, have been shown to be involved in the defense responses of several plant species. In this study, three HIR-like genes from soybean, designated as GmHIR1, GmHIR3 and GmHIR4, were cloned and characterized. They each contained four introns and five exons and shared conservative structure of genomic organization. The deduced polypeptide sequences of GmHIRs share high degrees of similarity with HIR proteins of other species. However, QRT-PCR analysis indicated that the expression levels in different tissues were not the identical. The expression of GmHIRs were rapidly induced by Phytophthora sojae infection in the resistant genotype, while induction was very weak in the susceptible genotype. In addition, the expression of these genes were also repressed by hydrogen peroxide (H 2 O 2 ) treatment. Promoter analysis indicates that several defenseresponsive elements are present in the GmHIR promoter. To our knowledge, this is the first report on molecular cloning and initial characterization of HIR-like genes in soybean. This study may help elucidate soybean disease resistance, which would enhance efforts to control soybean Phytophthora root and stem rot disease.
INTRODUCTION
Phytophthora root and stem rot of soybean caused by the oomycete pathogen Phytophthora sojae is a destructive disease and leads to an annual loss of 1-2 billion US dollars worldwide (Tyler, 2007) . Development of varieties with enhanced and durable resistance against the invading pathogen is a viable strategy considered by soybean breeders. However, new soybean cultivars lose their resistance due to the occurrence of new virulent races. Therefore, it is important to elucidate the molecular mechanism of resistance to Phytophthora and to use soybean cultivars with durable resistance.
It has been reported that hypersensitive response (HR) is an important manifestation of resistance to biotrophic pathogens. HR induces intracellular ion influx, membrane dysfunction and the accumulation of reactive oxygen species (Heath 1998; Heath 2000) . HR can also induce rapid cell death surrounding the infection site to restrict the growth of biotrophic pathogens (Dangl and Jones 2001; Park 2005) . Signaling derived from HR can further activate a series of signal transduction and defense response pathways, leading to a local resistance response and systemic-induced resistance.
Hypersensitive induced reaction (HIR) proteins are a group of proteins involved in HR, which are involved in cell proliferation, ion channel regulation and cell death (Nadimpalli et al. 2000) . They belong to the PID (proliferation, ion and death) superfamily with one conserved Stomatins/Prohibitins/Flotillins/HflK/C (SPFH) domain (also known as the prohibitin domain or the band 7 domain) (Rostoks et al. 2003) .
To date, genes encoding HIRs have been identified from both dicot and monocot plants such as maize, barley, rice, wheat, tobacco, Arabidopsis, pepper, and legumes. Some members have been shown to be involved in defense responses. In tobacco, the HIR gene NG1 is involved in the formation of HR-like lesions and induces the expression of an HR-specific PR2 protein, the PR acidic beta-glucanase (Karrer et al. 1998) . The maize ZmHIR3 gene showed high expression levels in the maize partly dominant lesion mimic mutant Les9 (Nadimpalli et al. 2000) . The barley HvHIR3 gene exhibited a 35-fold increased expression level in mutants with a spontaneous HR phenotype, such as lesion mimic mutants (Rostoks et al. 2003) . The wheat TaHIR1 and TaHIR3 genes showed a significantly higher expression level in plants infected with the stripe rust pathogen (Yu et al. 2008; Zhang et al. 2009 ). They play positive roles in resistance to the stripe rust fungus via inducing HR and regulating defense-related genes (Duan et al. 2013) . Overexpression of the rice OsHIR1 gene in Arabidopsis was shown to enhance resistance to P. syringae pv. tomato DC3000 (Pst DC3000) (Zhou et al. 2010) . Qi et al. (2011) confirmed that Arabidopsis AtHIR proteins are components of RPS2 in both Arabidopsis and N. benthamiana and that these proteins quantitatively contribute to RPS2-mediated ETI.
In this study, three full-length soybean HIR genes (designated as GmHIR1, GmHIR3 and GmHIR4) were cloned from the hypocotyl tissue of soybean cultivar Williams82 inoculated with Phytophthora sojae PNJ1 and the gene sequences were compared with those of genes showing high homology in other plant systems. The expression of GmHIR1, GmHIR3 and GmHIR4 was measured temporally and spatially in soybean tissues to explore the relationship between GmHIRs and disease resistance.
MATERIALS AND METHODS
Plant materials and treatments: Two soybean cultivars, Williams82 and Williams, were used in the experiments. Seedlings were grown on a commercially available 3:1 mixture of vermiculite and peat moss under controlled conditions (600 µmol photons m -2 s -1 , 16 h light/8 h dark per day at 25 ± 3°C, 60% relative humidity). All tissues (including roots, stems, leaves, flowers, young siliques and immature seeds) were collected from Williams82 at the 15th day postanthesis.
For chemical treatment, the roots were submerged in a solution containing 100 µM H 2 O 2 , while the control was submerged in water. Leaves were harvested after treatments.
Physiological race Phytophthora sojae (PNJ1) originally isolated from diseased tissues of soybean and soil samples in Nanjing, China (Wu et al. 2009 ). Soybean hypocotyl inoculation with PNJ1 followed the procedures described by Burnham et al. (2003) with minor modifications. Briefly, mycelia from 7-d old V8 cultures were inoculated into an incision in the hypocotyls of seedlings when the cotyledons were fully open. The seedlings were then placed in a misting chamber (90% relative humidity) at 25°C with a 16:8 h light:dark cycle. The control plants were wounded but not inoculated with the mycelia. The hypocotyl section samples were collected from 10 mm below and above the incision after inoculation. All experiments were performed in triplicate. Samples were frozen in liquid nitrogen and stored at 80°C prior to RNA extraction.
Identification of HIR genes in soybean:
Eighteen plant HIR protein sequences were downloaded from the GenBank database, including Capsicum annuum CaHIR1 (AAS98165), Pennisetum ciliare PcHIR (AF325721_1), Carica papaya CpHIR (ABS01349), Cucumis sativus CsHIR (AAQ72788), barley HvHIR1 (AAN17457), HvHIR2 (AAN17455), HvHIR3 (AAN17464), HvHIR4 (AAN17454), Lotus japonicas LjHIR (BAD86819), rice OsHIR1 (AF374475), OsHIR4 (BAD68458), maize ZmHIR1 (NP_001105623), ZmHIR2 (NP_001104971), ZmHIR3 (NP_001104972), wheat TaHIR1 (ABQ12768), TaHIR2 (ADX99259), TaHIR3 (ACI25443) and TaHIR4 (ACN18279). These HIR protein sequences were used as queries to search soybean EST sequences (1, 461, 624 ESTs, the 190th release of GenBank, 2012) using the tBlastN algorithm. The homologous ESTs were retrieved using 95% identity and an E-value of <1e -10 . Vector and adaptor contaminations were then removed using the VecScreen program (http://www.ncbi.nlm.nih.gov/ VecScreen/VecScreen.html). The ESTs were assembled with CAP3 software (Huang and Madan, 199) using the parameters of 40-bp overlap and 95% identity percentage.
Bioinformatic analysis: Signal peptides were predicted using the WoLF PSORT website (http://psort.nibb.ac.jp/). Conserved motifs were analyzed using MEME4.6.1 (http:// meme.nbcr.net). Putative N-myristoylation sites were predicted using ScanProsite (De Castro et al. 2006 ) and CSSPalm 2.0 (Ren et al. 2008) . Transmembrane domains were predicted using TopPred (Claros et al. 1994) . The genomic sequences of GmHIR genes were extracted from the genomic sequences (http://www.phytozome.net/). The exons and introns were determined using the Gene Structure Display Server (GSDS) tool (http:// gsds.cbi.pku.edu.cn/).
Protein sequence alignments were performed with MacVector 10.0 (Accelrys, Oxford, USA). A phylogenetic tree was constructed using neighbor-joining (NJ) algorithms. Bootstrapping was performed 1000 times to obtain support values for each branch.
Cis-element of GmHIR genes were predicted using PLACE 26.0 (http:// www.dna.affrc.go.jp/PLACE/ index.html; Lescot et al., 2002) with 2,000-bp sequence upstream of the full-length cDNAs or predicted CDS extracted from the genomic sequences (http:// www.phytozome.net/).
RNA extraction, cDNA synthesis, RT-PCR and qRT-PCR:
Total RNA was extracted using the Trizol reagent (Invitrogen, USA) and subjected to RNase-free DNase I (Promega, USA) 
Gene
Primer sequences (5'-3') PCR Reaction GmHIR1
TGCTAATCAACGCAAAGGTGACTG/GCAGGCACTCTCCTCCAACAC AAG QRT-PCR digestion and purification, followed by quantification using an Ultrospec 2100 pro (Amersham Pharmacia, England). First-strand cDNA was synthesized using M-MLV reverse transcriptase (Promega, USA) and oligo (dT 15 ) primers, according to the standard protocol.
RT-PCR was performed in a 25 µL mixture containing ~5 ng template, 5 pmol of each primer, 5 nmol of each dNTP, 37.3 nmol MgCl 2 , 0.5 U rTaq DNA polymerase (Takara, Japan) and 1× PCR buffer. The thermal cycle profile was 94°C for 3 min, 30 cycles at 94°C for 20 s, 60°C for 30s and 72°C for 1.2 min, followed by 72°C for 5 min.
Quantitative real-time PCR (qRT-PCR) was conducted using SYBR-Green PCR Mastermix (Toyoba, Japan) on a Bio-Rad iCYCLER iQ5 System (Bio-Rad, USA). Gene expression was quantified the comparative method 2 -ct method as previously described (Livak and Schmittgen, 2001) . Primer sequences are listed in Table 1 .
RESULTS AND DISCUSSION
Soybean GmHIR1, GmHIR3 and GmHIR4 encode proteins containing SPFH domain: To identify the soybean HIR genes, we searched publicly accessible soybean EST databases using the tBLASTn protocol with eighteen plant HIR protein sequences as queries. Deduced amino acid sequences of three contigs are homologous to highly conserved HIRs found in diverse organisms. They were named as GmHIR1 (JN083835.1), GmHIR3 (N083834.1) and GmHIR4 (N083833.1), as which showing highest identity to OsHIR1(90%), CpHIR(91%) and OsHIR4 (82%), respectively. The cDNAs with full ORF were cloned from the hypocotyl tissue of soybean cv. Williams82 inoculated with P. sojae PNJ1 by RT-PCR. Proteins coding by GmHIR1, GmHIR3 and GmHIR4 contain 286, 284 and 292 amino acids residues, respectively (Fig. 1) . The predicted molecular masses were 31.6, 31.4 and 32.6 kD, with theoretical pIs of 5.13, 8.13 and 5.04, respectively. All three proteins contain a conserved SPFH domain, a putative N-myristoylation motif and putative transmembrane domain in similar positions as in the HIRs from other plant HIR proteins (Fig. 1) . They each contained four introns and five exons and shared conservative structure of genomic organization ( Fig. 2A) .
Phylogenetic analysis using the deduced amino acid sequences of GmHIRs and eighteen plant HIRs was inferred on the basis of the multiple sequence alignment (Fig. 2B) . The neighbor-joining tree clearly divided into three major clades. GmHIR1 fell into clade I and is clearly closest to barley, maize and wheat HIR1/2. GmHIR3 was grouped into clade II and is most closely related to CpHIR. GmHIR4 was grouped into clade III and was paired with orthologous OsHIR4 (Fig 2b) . The GmHIR proteins exhibited high identity (from 54% to 90% identity) to homologs from dicots and monocots, and HIR proteins from monocotyledon and dicotyledon species formed distinct clusters, indicating that diversification of plant HIR proteins might have occurred after the divergence of monocotyledons and dicotyledons.
Tissue distribution of GmHIRs:
To identify in which tissues the GmHIR genes may be acting, quantitative RT-PCR analysis was performed to examine the mRNA distribution of GmHIRs among six major tissues (roots, stems, leaves, flowers, young siliques and immature seeds). GmHIR1 was mainly expressed in roots and leaves and weakly expressed in the other tissues (Fig. 3) . GmHIR3 was primarily expressed in roots while GmHIR4 was expressed at higher level in roots, leaves and immature seeds than in other tissues (Fig. 3) . Although there was a conservative exon-intron structure, three GmHIR genes exhibited differential expression patterns, which points to a diversity of gene function.
Expression patterns of GmHIRs after pathogen infection and H 2 O 2 treatment: Soybean cultivars Williams and
Williams82 showed remarkably different symptoms after inoculation with PNJ1. Williams exhibited large, watersoaked lesions and macerated, collapsed tissues, while Williams82 exhibited only slightly water-soaked lesions, indicating the relatively high tolerance of this line to P. Sojae (Fig. 4A) . The fungal infection induced GmHIRs expression in both lines. However, the levels of induced gene expression were different in Williams82 vs. Williams (Fig. 4B) resistant genotype, the increase in gene expression was significantly faster and stronger, while expression was very weak in the susceptible genotype. The three GmHIRs showed similar expression patterns. Expression of GmHIR1 increased steadily in beginning 3 h after infection and peaked at approximately 24 h. The expression of GmHIR3 was dramatically upregulated as early as 6 hpi, reaching a maximal level 48 h after inoculation. The level of accumulation of the GmHIR4 transcript followed similar kinetics to those of GmHIR3; the transcript levels peaked 48 h after infection. In addition, the consistently induced expression of the SA response marker gene PR1a suggests that systemic-acquired resistance was activated by P. sojae infection (Fig. 4B) . The upregulated expression of GmHIRs induced by pathogen infection suggests that GmHIRs might be involved in disease resistance.
The reactive oxygen intermediates is a proximal response that is likely to be required for HR (Heath, 1998) . Therefore, we investigated the effects of 100 µM H 2 O 2 on the expression of GmHIRs. Time-course analysis showed that GmHIRs were significantly repressed by H 2 O 2 (Fig. 4C) . Expression of GmHIR1 was downregulated 1 h after treatment and reached a valley at 4 h. As the treatment proceeded, the transcript volume tended to increase. The levels of GmHIR3 and GmHIR4 transcript accumulation followed similar kinetics to those of GmHIR1. Heath (1998 Heath ( , 2000 demonstrated that elicitors of HR cause intracellular ion influx, membrane dysfunction and the accumulation of reactive oxygen species. It is therefore not surprising that the negative feedback regulation of H 2 O 2 might explain why GmHIRs were significantly repressed by H 2 O 2 .
The promoter region of the GmHIR genes was analyzed using the Plant CARE database. Five types of defense-related cis-elements, including putative W-BOX, GT1-motif, OSE2, consensus GT1 and WRKY71OS (Yu et al. 2001; Park et al. 2004; Vieweg et al. 2004; Buchel et al. 1999; Eulgem et al. 1999) , were identified in promoters of the three GmHIRs. GmHIR1 and GmHIR4 contained elicitor-responsive elements WBOXNTCHN48 and ElRE, respectively (Yamamoto et al. 2004; Rushuton et al. 1996) . However, the promoter regions of GmHIR3 contained both of these elicitor-responsive elements. The putative multitype defense-responsive elements identified in the promoters of the GmHIR genes also point to the pathogen-responsive function of GmHIRs.
In summary, the identification of GmHIRs increases our understanding of the resistance of soybean against phytophthora root and stem rot disease resulting from P. sojae infection and provides gene candidates for fighting this disastrous disease.
